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Abstract

Positive ion conductivity and temperature of pluime gases enveloping the top
of the launcher umbilical tower were monitored during the launch of A nllo 15,
The measurements are presented along with the orientation of the rocket plume
relative to the instrumentation, Details and limitations of the apparatus are
described, and the calibration technigues are given,
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Measurement of lonic Conductivity and
Temperature in the Apollo 15 Plume

L INTRODUCTION

Newman et al (1967) demonstrated that lightning could be induced to strike
small rockets towing the free ends of grounded wires toward thunderclonds, From
these experiments the concept evolved that if a rocket exhaust were sufficiently
conducting over a long enough distance, ji: might behave somewhat as a wire and
trigger a stroke., The credibility of this idea was considerably enhanced when
Apcllo 12 was struck during its first stage burning (NASA, 1970). To investigate
this potential hazard te aerospace vehicles and to try to devise a countermeasure
capability, the AFCRL Laboratory Director's Fund Project 6-70-" Lightning
Strokes 1o In-Flight Missiles' —was initiated in FY70,

Giveu certain atmospheric conditions, one way to define the lightning threat is
by the percent of actual Iaunches which trigger discharges, A great many events
would be required to insure statistical reliability, however, thus making such an
approach uneconom:cal, Taking a lead from the successful experiments by Newman,
we can try to simulate a large rocket with its conducting plume by using a small
rocket towing a wire of appropriate physical and electrical characteristics, Dif-
ferent rockets will ryquire different wires, since exhaust plume composition
depends on such parameters as fuel, size, and trajectory. In the flames of most
rocket exhausts, ion con~entrations are sufficiently high to insure good electrical

(Received for publication 20 Febrvary 1973)
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conductivity (Lawton and Weinberg, 1969, p, 214). In the burnt gas regions out-

side the visible exhaust, however, recombination causes the ion density to fall,

Alternating current (AC) methods for measuring conductivity ~by propagating

mic-owaves through the plume or by making the plume part of a resonant circuit—~

are insensitive to the ion concentrations thought to be present in the burnt gas

regions {Lawton and Weinberg, 1969 p, 178ff}), Nevertheless, these regions may

be of sufficient size and conductivity to transfer appreciable charge when exposed

to +he strong electric fields found near thunderclouds, !

Direct current (DC) techniques have long been employed by atmospheric
physicists to measure the very small ionic conductivity of the air, In the usual
method, an axial flow of air between two coaxial, cylindrical electrodes is sub-
jected to a radial electric field, and the ions attracted toward the center
clectrode cause a current in the external circuit, 'This current is a function of
the air conductivity, ac long as the flow is sufficient to prevent all the ions from
being collected, We adapted this technique for use in measuring the positive ion
conductivity of rocket plumes, by using all solid-state electronics and by employ-
ing construction rugged enough to withstand the launch pad environment,

Through the cooperation of SAC, SAMSO, and SAMTEC, experiments were
conducted at Minutr:man and Atlas launch sites on Vandenber g AFB, California
during FY71 (Heckscher, 1972), Parl of the original apparatus was redesigned
to fit interface requirements ut Kennedy Space Center, and was mounted near the
top of the Apollo 15 lauacher umbilical tower {LLUT) on level 340, Five sec after
lift-off, the equipment was activated and the surrounding gases were sampled for
about 2 min,

2 ENPERMENTAL RESELTS

Figure 1 shows the conductivity and temperature vecorded during launch,
using a linear time scale. To illustrate the geometric relationship between the
Saturn exhaust port, the exhaust plume axis, and the instrumentation on the
LUT, (1) the altitude of the exhaust port above the horizontal plane containing the
instrumentation is superposed on the linear time scale in Figure 1, and (2) the
horizontal distances between the LUT, the plume axis, and the exhaust port are
shown for various times in Figure 2, :

Both coaductivity and temperature variations began at about T + 15, 25 sec,
when the instrumentatio» was 160 m below the exhaust port and displaced about
32 m from the exhaust axis, Long and short range photographs, taken at the
moment of signal onset, are shown in Figures 2 and 4, Rapid and erratic con-
ductivity signals last for almost 6 sec, then become relatively steady, and
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instrumentation on leve! 340

Nz

Wind Dirsction at LUT leve! 530
Spesed 5.4 m/sec at T-0

AS ~ 510
at T-0 E—
Direction to
Camerc “d"
,A
19
.‘——""’-—4
Direction to
élllléLllLJloLlll'JS Comera "a”

meters

¥igure 2, Plan View of the Launch Site, With Relative Positions
of the LUT and Apollo 15 (AS-510) at T-0, Crosses show track
of center engine gimbal, and the adjacent numbers indicate
seconds into launch (NASA, 1971c), Arrows show picjection of
exhaust axis onto the horizontal nlane containing the instrumenta-
tion (NASA, 1672), Wind direction and speed obtained from an
anemometer atop the LUT are shown (NASA, 1971d), as well as
the bearings of the two cameras "a" and "b"
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Figure 4, Camera "'b” Phowograph of Apollo 15 LUT at T+15, 25 sec,
Viewed From 90V Azimuth at a Range of About 700 ft (NASA, 1971b), The
approrimate location of the instrumentation is indicated by the arrow
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slowly decrease toward the noise level. with oceasional small ‘luctuations, The
abrupt change in signal characteristics occurs for an exhaust port altitude of
430 m, with approximately 40-m horizontal distance between the LUT and the
plume axis, Conductivity remained higher than 10'12 mho/m for exhaust port
altitudes up to 1500 m,

In Figure I, the arrows point to segments of the conductivity trace when the
chamber voltage was switched off, to test for the presence of charged particles in
the exhaust gases (see Appendix A), Two of these segments, at T+ 10,8 and
T+ 14,7 sec, occur prior to onset of temperature rise and hence prior to envelop-
ment of the equipment by the plume, At T +18,6 sec, the order of magnitude
reduction in conrluctivity is an indication that charged particle currents are in-
significant relative to ionic conduction currents. In subsequent test inter.als,
the signal reduction indicates a similar situation, The switching process produces
transients on the conductivity trace (see Appendix C) which have been omitted for
clarity in Figure 1,

3. INTERPRETATION

Evidently, the variations in the two curves of Figure 1 are correlated; that is,
a conductivity increase is accompanied by a corresponding rise in temperature,
This is consistent with theory showing ion mobility to be inversely proportional to
gas density, assuming the ideal gas law to be in effect (Lawton and Weinberg, 1969,
p. 115), The erratic behavior may be due partly to the transient voltage response
{Figure B2), but is more likely due to the exhaust becoming nonuniform as the
high velocity plume mixes with the atmosphere, Since the sample size in the con-
ductivity chamber is small, the rapid changes in conductivity 2re observed,

There is evidence that the flame did not contact the LUT, The indicated
temperature peaked at GOOOK, whereas, in the visible plume, temperatures are of
the order of 2000°K (Uman, 1970, p. 21). Photographs show no luminosity or
clouds nearer than about 20 m to LUT level 340, Finally, the vehicle trajectory
and plume orientation were such that the exhaust axis never was pointed directly
at the instrumentation (sce Figure 2), Surface winds tended to carry the plume
toward the L.UT; however, the wind speed was very small (5.4 m/sec) compared
with the axial exhaust velocity (about 300 m/sec at 360 m behind the exhaust port).
At T +22 s2c the gases took about 0, 5 sec to travel the 500 m vertical distance
from the exhaust port to LUT level 340, so the horizontal displacement due to the
wind was only about 3 m,

In Uman's analysis, conduetivity is given along the entire plume at a specific

time {I'man, 1970, n, 21}, whereas our d

Y e
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at a specific altitude, Strictly speaking, the two are comparable only at T + 35 sec
when the Apollo is at 6000 ft, The measured conductivity and temperature are
ressonably consistent with the theoretical values of between 10'11 and 10'13

mho/m, and 400°K,

L CONCLUSIONS

In the region frora 160 m to 430 n: behind the exhaust port and between 32 m
and 40 m {rom the plume axis, the conductivity varied erratically; at times it
attained values greater than 50 X 10'12 mho/m, with concurrent temperature
fluctuations reaching a peak of about 600°K. As the vehicle altitude increased
higher than 430 m above the instrumentation, both conductivity and temperature
decreased smoothly toward ambient values, Photographs and trajectury data,
along with the maximum recorded temperature, provided evidence that the in-
strumentation was not bathed by the hot gases in the luminous plume, but rather
sampled the cooler, burnt gas regions, These data are reasonably consistent with
a theoretical Saturn V plume study.
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Appendix A

Design Considerotions

% AL 10NC CONDECCTINITY

A unit volume of gas ~ontaining n pus-
itive ions and n~ negative ions, with mobi-
lities k~, k™ and charges +e has the specific
polar conductivies

o+ en+k+
= en~k” (A1)

-~

and a total conductivity o = ot+ o” (see for
instance, Chalmers, 1967, p. 195). At sea
level, air conductivity can vary from

8 10713 mho/m to0 9 x 10714 mho/m (Valley,
1965, p, 8-19). At 20, 000 ft altitude, the con-
ductivity is higher by an order of magnitude, m MMYY

Uman (1970) has estimated the conduct- cooo 5000 mo 3000 2000 W00 O
VISTANCE ADVE GROUND, FEET

LOG OF EXMAUST CONDUCTIVITY, @ 1N mha/m

ivity of » Saturn V exhaust plume for the ex-
haust port at 6000 ft altitude; the dependence Figurc A1, Upper and Lover Limits
of g with altitude is shown in Figure Al, At of Saturn Exhaust Conductivity as a

4200 1 and below, the ion-controlled conduct- Function of Altitude, for the Exhaust

-7 -13 Port at 6000 ft (calculated by Uman,
ivity ranges from i0” ' to about 16" °° mho/m, 1970)

Preceding page blank




A2, POSUEIVE 10N MOBILITY

Wilson determined the mobility of sodium ions in flanie gases to be about

4 mziV/sec {Lawton and Weinberg, 1969, p. 159), Both theory and experi-

10
ment show that in N, at n.top., ions of mass greater than N2 have mobilities
between 2 X 10'4 and 2 X 10-4 m2 /Visee (Lawton and Weinberg, 1969, p, 115).

The mcbility of small atmospheric ion< is between 1 X 10“4 and 2 X 10'4 m2,/V,!sec
{Valley, 1965, p. £-3), Evidently, K may be assigned the value 1,4 X 10 4

mz/’V ’sec, which is often assumed for the mobility of atmospheric ions,

S, CHAMBER PINSICAL CHARNCTERISTICS

An exterral view of the instrumentation is shown in Figure A2, One-half in.
aluminum stock was uzed for the housing and baseplate. The conductivity chamber
consisted of an outer cylinder, 12-in, long and 2-3/32 in. inside diameter,

CONDUCTIVITY
L~ CHAMBER

8 THERMOCOUPLE

INSTRUMENTATION sy =Y
HOUSING ——— _"‘ “ " AR ey N

PR . , < A T k‘z‘&;.’m&‘f.&i’i‘;’l‘ﬂ‘.&«t’“ ) BEETN IR

}

Figure A2, Side View of the Instrumentation Showing the Coaductivity
Chamber Welded to the Top of the Housing, the Aspirator, the f.ocation of
the Gas Temperature Thermocouple, the Purge inlet, and the Interfuce
Connections
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welded to the heusing cover, and an inner, coaxial electrode, 10-in, long and
3/8-in, diameter, supported by a perpendicular rod which passed through a teflon
insulator into the interivr of the housing, An axial flow ol gas was maintained by
an aspirator with a nominal rating of 24 Et / min, mounted on one end of the cham-
ber, The followiag values (MKS3 units) were used in the calculations:

a - radius cf outei* cylinder = 0,0z€6 m

b - radius of inner cylinder - 0,v0476 m

I. - length of inner cylinder 0.254 m

S - cross-section area = 0,002i5 m2
0.0113 ms,"sec
5.26 m/sec

¢ - nominal gas flow

v - axial gas velocity

AL CHAMBER ELECTRICAL CHARACTERISTICS

If the center conductor is at a negative potential V w:th respect to the outer
cylinder, it wiil attract positive ions, and for a sufficient axial gas flow the cur-
rent is (Chalmers, 1967, p, 198)

+
is EG—C—V amp (A2)
o

where C is the chamber capacity, and % is the electric permittivity (8. 854 X 10'12
farad/m). The capacity C was estimated by comparing calculated and measured
values, A 10-in, length of coaxial transmission line with the cross-section of the
chamber has a (calculated) capacity of 8,2 pf. This underestimates C, however,
since the fringing of the field at the cylinder ends and the capacity of the support
rod have been neglected. Several measurements of the capacity averaged 10,3 pf,
which overestimates C since the capacity of that portion of the support rod which
passes through the insulator— and is not exposed to the ion current—is included,
For convenience, C can be taken as 8.854 pf, (that is, numerically equal to € o in
MKS units) with sufficient accuracy for this experiment, Equation tA2) then
simplifies to

i=vel amp (A3)

and with the chamber operating potential set at 3V by a small carbon-zinc battery,
we have




‘rated output the input current is 1 u A, corresponding tc a conductivity of 10~

i= 9% (A4)

relating the measured current to the positive ion conductivity of the gas.
Equation (A4) shows that the chamber current is in the picoampere (pA)
range for conducrivities of the order of 10'12 mho/m, These small currents can
be_sensed with solid-state "electrometer” operational amplifiers. In Table Al
are shown pertinent characteristics of the Burr-Brown 3336/27 amplifier,
designed for use with high impedance current sources, A feedback resistor Rt
determines the (output voltage)/(input current) ratio: for R¢ less than 10° ohm,
the input bias current will produce less than 10 u V at the output with a drift of
lu V/')C; hence, resolution is limited by input voltage noise and offset voltage
drift, Between 15°C and 35°C, the offset drift should be less than 100 u V. With
Ry fixed at 107 ohm, an input current of 9 pA will produce 90 4 V at the output, so

12 hho/m. To give

7

the minimum conductivity which can be resolved is about 10

mho/n, -

The conductivity circuit is shown in Figure A3. The negative baitery ter-
minal was connected to the inner electrode, and the positive terminal to the
amplifier input., Due to feedback this input was at virtual ground, causing the
battery voltage to appear across the chamber, With the guard ring also at
virtval ground, there was for practicai purposes no voltage across the teflon in-
sulator between the guard ring and the vuter electrode, and hence no surface
conduction current into the amplifier, The 3336/27 amplifier output was con-
ditioned by a linear voltage amplifier to provide a 0 to § V output required to
interface with LUT recording equipment,

The 3336/27 amplifier output was also applied to a logarithmic voltage
amplifier to record the entire range of conductivities, Difficulties, however,
with shifting ambient levels made the results questionable, and the data were not
utilized (see Appendix C).

\a ELECTRODE EFFECT

When the electrically neutral, conducting gas enters the chamber, the radial
electric ficld causes the formation of space charge depletion regions around the
center electrode and next to the outer cylinder. The electric field will then be
perturbed by these space charge regions ("Eluctrode Effect', sec Chalmers,
1967, p, 421} and the chamber current may no longer be described adequately by
Eq, (A4),
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Table Al, Specifications for Burr-Brown MModel 3336/27 Operational

Amplifier (Burr-Brown, 1970)

Input Noise

Voltage (0,01 Hz to 1,0 Hz)
( 1.0 Hz to 100 Hz)

Current (C,01 Hz to 1,0 Hz)
( 1.0 Hz to 100 Hz)

Input Offset Voltage

at 25°C

vs temperature (-25°C to +85°C)
vs supply

vs time

Input Bias Current

10uV p-p
5uV rms

0,001 pA p-p
0.002 pA rms

adjustable to zero
t 104 V/°C max
+500V/V

+ 100 ;¢ V/day

CONDUCTIVITY

1

at 250C £ 0,01 pA max
vs temperature (+10°C to +70°C) 0,001 pA/°C
vs supply 0.01 pA/V
Rated Output
Vo + 10 V min
I, + 5 mA min
{nner Electrode
Outer Electrode
Guard Ring 10 MO
f WV
F N
—-—-——-—‘ -
-7 '
| 9v. 3336727 —O0

CURRENT - TO-VOLTAGE
CHAMBER CONVERTER

LINEAR VOLTAGE

AMPLIFIER

Figure A3, Details of the Conductivity Circuit
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Assuming zero axial gas velocity and a uniform charge density in the depletion
region, it may be seen that the radial electric field at radius r is approximately
uniform along the length of the cylinder and given by

CV - nﬂl'e'rrL(r2 -b2)

Elr)x 20c,_ oL (A5)

for b < r <R, where R denotes the depletion region boundary. This boundary
moves radially with velocity k" E(R), and will reach radius P at time 7 given by

r
T = f ?R . {A6)
b k E(R)

Performing the indicated integration results in

o

+

. neslL .2 z]

7 -2 tog [1- RS2k pPoph) (A7)
n ek

and solving for the radius P we find

+ -
v _nek T
P? = b + —C (l-e % ) . (A8)
n exL

For a non-zero axial flow of gas, the depletion region will no longer be uni-
form, but will grow as the gas travels through the chamber, If 7 is the time the
gas remains in the chamber, we may take Eq, (A8) as giving the maximum radius
for the depletion region, Then from Eq. (A5), in order that the radial electric
field not be perturbed very much,

n*esL(P?-b%) << CV. (A9)
Using Eq. (A8) and rearranging, we find

+ -
nekr .. (A10)
o
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Assuming that k™= k+, and since y = L/v
gV
ot << —-01:— . (A11)
With appropriaie values for v and L, we have the requirement that
ot << 200 x 1072 mho/m (A12)

for Eq. (A4) to bz valid, Since the maximum conductivity in Figure 1 is about

50 X 1()'12 mho/m, no correction for the electrode effect was deemed recessary,

A6, CHAMBER S\TURATION

If the gas remains within the chamber long enough to have all the positive ions
extracted by the field, the external current becomes a function of the gas flow and
ion density, rather than of gas conductivity, This condition, calleri "saturation",
may be avoided by insuring that the axial gas velocity is greater than a minimum
given approximatety by

+
k CV
Voin® T;S— m/sec (A13)

for ions of mobility K (see Chalmers, 1967, p. 62f), With appropriate values we
find
v . &= 0,5 m/sec, (A14)

min

The axial velocity maintained by the aspirator, 5,26 m/sec, is more than ten times
the minimum required for non-saturated operatior.,

A7 CHARGED PARTICLE CURRENTS

The incoming gas may contain charged particles more massive than air
molecules, some of which will strike the ceater electrode and give up their charge.
If the particles are predominantly of one sign, there will be an effective "precipita-
tion" current whose magnitude might be comparable to, or even exceed the con-
duction current, Provision was made tc periodically test for these currents by
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briefly switching off the voltage across the chamber, This should reduce the con-
duction currents to zero, but have almost no effect on the charged particle cur-
rents.

V8, TEMPERATURE MEASUREMENTS

The temperature of the gas exiting from the conductivity chambter was
monitored by means of a 0,010-in, diameter chromel-constantan wire thermo-~
couple, mounted externally on the housing cover directly under the aspirator
(see Figure A2), A second thermocouple inside the housing served as a refer-
ence, The temperature of the reference thermocouple was sensed by a
thermistor bridge circuit, (See Appendix B for calibration curves,)
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Appendix B

Colibration

The relationship between output voltage and gas conductivity was established
by connecting very high value resistors across the conductivity chamber *
electrodes, For example, a0,1TQ resistor allows the 9 V battery to supply a cur-
rent of 90 pA; then by Eq. (A4), this is equivaient to a conductivity of 10 X 10“12
mho/m, Calibration points shown in Figure Bl were obtained when the instru-
ment was set up in the final configuration on the LUT (22 July 1971), during pre~
launch calibration (25 July 1971), during post-launch calibration (27 July 1971),
and in the laboratory (01 Oct 1971). On launch day (26 July 1971), scheduling and
operational requirements limited the calibration to a reading of the ambient level
approximately 1 hr after lift-off, The calibration curve was drawn as two straight
line segments, from the ambient yalue at ~0,3 V to 10 X 10'12 mho/m at +1,2 V,
then to 50 X 10712 mho/m at +4.8 V,

The response of the output voltage to a step change in current was obtained by
connecting and disconnecting a resistor across the chamber, and is illustrated in
Figure B2, _Note that this does not simulate a step change in the conductivity of
the incoming gas, since a finite time is required 0 completely change the gas in
the chamber,

Curves of gas temperature versus output voitage were constructed using
standard thermocouple tables (Omega), and are shown in Figure B3, The ther-
mistor bridge calibration curve is given in Figure B4,
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Appendix C

Recorded Deto

Data.were recorded on magnetic tape from T - 30 sec to T+2 min, The por-
tion between T - 1 and T +32 sec is shown in Figure C1 as traced from a paper
chart playback, Time i3 indicated by trace e; lift-off, or T -0, was 207:13:3 ¢:00,
62,3 Z and is marked by the heavy vertical line, Traces a, b, ¢, and d sho'; the
various output voltage time variations, The horizontal lines a', b*, ¢', and d* are
"dummy traces”, used to position the calibration levels found both prior to and
after data acquisition, Trace f was superposed by hand on the data recor i; dark
portions indicate times when the voltage across the conductivity chambe: was
switched on (8,2 V—~lower tars) and off (0.1 V—~upper bars), During tte blank
intervals the voltage was changing rapidly, causing transients in traces c and d;
these are distinguishable by their periodic recurrence, and may be d'sregarded.

Trace ¢ ("Linear Conductivity'') shows a small, high-frequency iluctuation
beginning. at T+ 4,5 see, A much larger signal starts abruptly at about

T +15, 25 sec and conlinues until T+21,5 sec, Portions of this lar ge signal are
off-scale, and the trace appears clipped. Trace d (" Log Conductivity') shows no
large fluctuations, Small deflections occur prior to and during ' he large varia-
tions on trace ¢, The ambient level of trace d shifts by about 1 V during data
acquisition,
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Figure Cl. Data Record From T -1 sec to T+32 sec, Traces a through e, and
a' through d', were recorded during launch, Trace f was drawn by hand to show
chamber voltage switching

Trace a {""External Temperaturc") is constant until T+ 15, 25 sec, when a
break from the baseline occurs, A maximum is reached near T +18.5 sec,
Trace b ('Internal Temperature") is a horizontal line, indicating that the tempera-
ture of the internal thermocouple remained constant at about 28°C,
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